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Highlights
• Stem girdling ceased the cambial activity, below the girdled area, immediately after the 
removal of the bark strip.
• Pinus sylvestris survived for up to two years after stem girdling.
• The girdled trees formed phloem cells above the girdled area but failed to form latewood 
cells in the next growing season.
Abstract
Scots pine (Pinus sylvestris L.) is a resilient, wide spread species. This paper reports on the 
xylem and phloem cell formation process, before and after, the species was put under artificial 
stress by stem girdling. Microcore method was applied to a healthy control group and a standing 
group of girdled trees within an 80-year-old pine forest for two consecutive growing seasons 
(2013 and 2014). The stem girdling was applied in the middle of the first growing season (July 
2013). Cambial activity timings (onset and cessation of cell division), cell formation intensity, 
cell differentiation, and the dynamics of the annual radial increment in the stem were analyzed. 
Cambial activity was inhibited and eventually ceased below the stem girdling immediately after 
the removal of the strip. Therefore, no latewood tracheids were formed. However, above the 
stem girdling and in the control trees, cell formation and tissue differentiation continued until the 
end of the growing season, with the girdled trees moving at a less intensive pace but for a longer 
period of time. During the following growing season (2014), the cambial zone was reactivated 
only above the stem girdling, not below, and eventually the girdled trees died. In 2014, the onset 
of the cambial activity was delayed and the division rate of the cells was slower in the girdled 
trees. Furthermore, the girdled trees formed less phloem cells than the control trees.
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1 Introduction
Scots pine (Pinus sylvestris L.) has a high level of ecological tolerance, and is strongly resistant 
against the influence of extreme climate and other stress factors (Kelly and Connolly 2000). The 
species is the most widely distributed pine species on the planet (Bogino et al. 2009), it grows 
in a wide variety of areas and in all altitude zones (Gruber et al. 2010). In Central Europe, it 
is dominant on extreme sites in open forests, i.e. rocky areas with big outcrops of various bed-
rock, peaty soils or other nutrient-poor habitats (Richardson and Rundel 1998). In the Czech 
Republic, Scots pine forests mixed with a low but regular occurrence of Norway spruce, oaks 
and shrubs (Vaccinium spp.) have prevailed since the late Boreal period, with an insignificant 
change in vegetation, except for succession after fire events (Novák et al. 2012). Pinewoods 
cover approximately 17% of the total timber land, the second most widespread after the Norway 
spruce (Ministry report 2014), taking up a significant position in all vegetation zonas (Chytrý et 
al. 2010; Vacek et al. 2016).
According to Rossi et al. (2012), the relationships between the phenological phases, gene-
rating the complex pattern of cells during wood formation, still remain essentially unkown. 
Nevertheless, several studies on wood formation in Scots pine have been conducted all over Europe. 
The key enviromental factors infuencing the secondary wood growth of the species have been the 
focus of numerous studies. Wodzicki (1971) described the complexity of the xylem differentiation 
process of Scots pine in Poland. In Austria, Scots pine trees growing on xeric and dry-mesic sites 
were examined (Gruber et al. 2010; Oberhuber et al. 2011; Swidrak et al. 2011, 2014), in Finland 
(Schmitt et al. 2004; Seo et al. 2011; Jyske et al. 2014), in Siberia (Antonova and Stasova 1993; 
Antonova et al. 1995), in France (Rathgeber et al. 2011; Cuny et al. 2012, 2014) and in Spain 
(Martinez del Castillo et al. 2016). Rossi et al. (2013) and Cuny et al. (2015), included Scots pine, 
among several conifers, in a compilation of data on cambium phenology and wood-formation 
dynamics. These studies detected the complex relationship between the plasticity of tree-ring 
formation and the enviromental factors, focussing mostly upon the stress caused by extreme ter-
rains or weather events. To draw conclusions on the plasticity of the differentiation process during 
xylem and phloem formation, we decided to induce an extreme, artificial stress factor to the Scots 
pine, by applying stem girdling.
Stem girdling consists of the removal of an entire strip of bark down to the vascular 
cambium, blocking the phloem flow of photosynthates from reaching the root system and/or 
other parts of the plant (Jordan and Habib 1996; Tombesi et al. 2014). Traditionally, girdling 
has been applied for apical control of branch growth in studies (Münch 1938). Stem girdling, 
as one of the most practical methods to provoke artificial stress (Stone 1974; Wilson 1998), was 
broadly used over the decades in horticulture to manage the growth and reproduction of several 
deciduous and evergreen tree species (Weinburger and Cullinan 1932; Lilleland and Brown 
1936; Crane and Campbell 1957; Lewis and McCarty 1973; Winkler et al. 1974; Powell and 
Cash Howell 1985; Fernandez-Escobar et al. 1987; Augusti et al. 1998; Day and DeJong 1999; 
Rivas et al. 2008). Girdling has been practiced in the forestry and logging industry as a pre-har-
vest treatment to change wood properties (MacDougal 1943; Noel 1970; Lopez et al. 2015) 
by manipulating annual ring width, wood density, duration of cambial activity, and latewood 
production (Wilson and Gartner 2002; Domec and Pruyn 2008; Maunoury-Danger et al. 2010; 
Sellin et al. 2013). More recently, several researchers have applied girdling for physiological 
experiments primarily to manipulate carbohydrate distribution within plants (De Schepper and 
Steppe 2011) and to study phloem–xylem interactions (Fishman et al. 2001; Wilson and Gartner 
2002; Zwieniecki et al. 2004; Salleo et al. 2006; Morandi et al. 2007; Domec and Pruyn 2008; 
Tombesi et al. 2014).
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The girdled trees usually suffer a significant reduction in water content, especially in the 
area below the girdling (Noel 1970; Taylor 1999), decreasing the hydraulic conductivity (Salleo 
et al. 1996; Zwieniecki and Holbrook 1998; Zwieniecki 2000). Noel (1970) and Taylor (1999) 
confirmed that below the girdled area the content of starch and other carbohydrates decreased, 
having a direct impact on the xylem and phloem growth. In contrast, the cambial activity above the 
girdling was usually only temporarily paused, if at all (Noel 1970; Barbosa and Wagner 1989). In 
some cases, a small amount of nutrients can still be supplied to the roots of the girdled trees from 
the above ground part of the tree by ray parenchyma, that bridges the girdled strip, or from neigh-
bours by root grafts. In such cases, roots, together with the below girdling area may continue to 
grow. Recently, Lopez et al. (2015) underlined that girdling influenced both the downward carbon 
flow and the upward water flow by blocking the root sink. Hence, below girdling, a noticeable 
decrease of radial growth was recorded, accompanied by profuse sprouting which stopped after 
the depletion of root stored carbohydrates. Noel (1970) reported that cambial activity below the 
girdling was limited in a severe and permanent way, producing deficient growth rings, while the 
radial increment above the girdling increased (Lopez et al. 2015). However, little is known about 
the impact of girdling on the secondary phloem and secondary xylem cells which are produced by 
the cambium (Larson 1994; Pang et al. 2008).
Many trees have survived for a considerable period after girdling, even without healing. 
Several species of North American, European and African trees remained alive for 1 to 5 years 
after girdling, with the length of survival varying among tree species. Pine and larch trees seem to 
be more resistant than the others e.g., resinous pine (Pinus resinosa L.) and American larch (Larix 
laricina (Du Roi) K. Koch) remained alive for 1–2 years after girdling (Taylor 1999; Wilson and 
Gartner 2002). In contrast, Norway spruce (Picea abies (L.) H. Karst.) and red spruce (Picea rubens 
Sarg.) trees died immediately after the girdling (Stone 1974). Wagener (1961) suggested that white 
pine (Pinus strobus L.) is able to survive girdling of up to 60% of their circumference while other 
conifer species have a low chance of survival if more than 25% of their circumference is girdled at 
the base. Ryan (1990) reported that in the absence of a significant crown injury, most trees survived 
up to 25% basal girdling, few trees survived more than 75% girdling, and approximately 50% of 
trees survived within this range (Schmitt and Filip 2005).
Girdling woody stems may have traumatic effects in addition to releasing branches from 
apical control. These effects vary widely among species (Noel 1970). Wilson (1968) applied the 
girdling to white pine by removing a bark strip of 2 cm. The meristematic function and the second-
ary cell growth was inhibited, and eventually stopped, beneath the girdled area. The cells formed 
before girdling, completed the differentiation stage during the remaining days of the growing season 
but no new cells were produced (Wilson 1968). Therefore, the length of the survival period after 
girdling is crucial for monitoring the differences in xylem and phloem formation between the two 
sides of the girdled stem.
The objective of this study was to determine, with the use of the microcore method, (1) 
how cambial activity takes places when Scots pine trees undergo serious stress, induced by stem 
girdling (2) how xylem and phloem formation progresses when girdling stress occurs during 
the growing season (3) how the phenological phases of xylo- and phloemogenesis differentiated 
above and below the girdled area, and (4) how long can Scots pine trees survive after total stem 
girdling.
In order to better understand the duration and the extension of the corresponding anatomical 
changes, we studied the cambial activity timings and dynamics of xylem-phloem cell formation of 
girdled Scots pine trees for two consecutive growing seasons (2013 and 2014).
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2 Materials and methods
2.1 Site characteristics
The sampling was conducted in the Training Forest Enterprise Masaryk Forest Křtiny research plot 
(49°15´N, 16°36´E, 404 m a.s.l.) in Soběšice, Czech Republic. The forest consisted of 70% Scots 
pine mixed with larch and several deciduous species. According to the long-term data (1901–2014), 
the mean annual air temperature is 8.1 °C and the mean annual precipitation is 601 mm. The warm-
est month in the area is July (18.1 °C) and the coldest is January (–2.7 °C). July (82 mm) is also 
the month with the highest amount of precipitation while the driest month is February (27.5 mm) 
(Climate Research Unit Time Series, CRU TS3.23; via http://climexp.knmi.nl).
Weather data was obtained directly from the research plot during the two examined years 
(2013 and 2014). We measured air temperature (Minikin TRH, EMS Brno, Czech Republic) and 
precipitation (MetOne Instruments, Grants Pass, Oregon, USA). Soil water potential was meas-
ured directly on the plot at depths of 15 cm, 50 cm and 90 cm in two repetitions (Delmhorst Inc., 
Towaco, NJ, USA attached to datalogger SP3, EMS Brno, Czech Republic). Data was acquired 
every 10 mins and stored in a data logger. We calculated the weekly precipitation amount, the 
average weekly air temperature, and the average soil water potential (based on measurements 
obtained from all three depths). The sum of the effective temperature was calculated as the sum of 
the mean daytime temperature for the stated periods. The threshold temperature was 5 °C, values 
below that were counted as zero.
2.2 Girdling
Twelve dominant healthy 80-year-old Scots pine trees were chosen, the trees were on average, 
24 m in height and 33 cm in diameter at breast height (130 cm). In 2013, during the growing period 
(July 11; DOY 192), six of the twelve selected trees underwent the girdling treatment, i.e. a com-
plete layer of bark and phloem strip (5 cm) was removed around the stem circumference at breast 
height (130 cm) by chainsaw (Fig. 1) (Daudet et al. 2005; Tombesi at al. 2014; Choi et al. 2010). 
After the treatment, we studied the six girdled trees and compared them with the six remaining, 
untreated trees (the control).
Fig. 1. Microcore sampling of girdled stems during the growing seasons of 2013 and 2014. 
A – the first week of July 2013 (week after girdling). B – dieback of girdled trees in July 2014. 
AGA – above girdling area; BGA – below girdling area.
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2.3 Sampling
Two microcores, with a thickness of 1.8 mm, were collected from the tree stems at weekly intervals 
using the Trephor tool (Rossi et al. 2006). The distance between individual microcores, on the 
stem, was more than 2 cm in order to prevent the damage caused to the surrounding tissue. The 
sampling started on April 4 (DOY 94, 2013) and ended on November 16 (DOY 320, 2013). The 
date of the girdling was July 11 (DOY 192, 2013). Hence, the sampling was performed in two 
phases; before and after the treatment. From April 4 to July 11, two microcores were taken weekly, 
per tree (12 trees) at breast height. After the treatment, from July 12 to November 16, we took 
four microcores per tree; two from above (AGA) and two from below the stem (BGA) girdling. 
The sampling of the control trees remained unchanged. In 2014, the procedure was the same as 
the after treatment phase in 2013.
2.4 Sample preparation
The microcores were immediately immersed into FAA solution (90 ml of 70% ethanol, 5 ml of 
acetic acid, 5 ml of 36–38% formaldehyde), for one week, and then washed (water) and stored in 
50% ethanol.
The microcores were dehydrated in ethanol series’ (70%, 90%, 95% and 100%) and then 
infiltrated with paraffin in a tissue processor (Leica TP1020). After the paraffin infiltration (four 
hours) the microcores were poured, together with histological cases, into paraffin blocks (by Leica 
EG1120 dispenser) and cut by the rotary microtome (Leica RM2235). The micro cuts were dried 
in a laboratory oven (70 °C for 20 minutes). Subsequently, the micro cuts were stained by safranin 
and astra-blue mixture, to distinguish the lignified and non-lignified tissues.
2.5 Measurements and data processing
The cambial cells (CC) comprise the cambial initial cells along with both xylem and phloem mother 
cells (Plomion et al. 2001). The CC were flattened tangentially, rectangular- or hexagonal-shaped 
with a very thin cell wall middle lamella (Wodzicki 1971). The onset of cambial activity was defined 
as when the CC started to be metabolically active, gradually dividing, and hence, increasing in 
number (Figs. 2A, B) (Prislan et al. 2016).
We recorded the following phases of xylem cell development: the post-cambial growth (PC), 
the growth and lignifications of the secondary cell wall (SW), and the mature cells (tracheids) phase 
(MT) (Romagnoli et al. 2011). In the PC phase, the cells had thin, non-lignified cell walls which 
were stained blue (astra-blue staining) and showed no glistening under a polarized light (Fig. 3F). 
This is the phase when the cells started enlarging and elongating.
The following SW phase was distinguished by the cells starting to glisten under the polarized 
light (Fig. 3F). During this phase, the lignification process also occurred; lignified cell wall tissue 
responded to the safranin solution and began to gradually replace the blue stain with the red stain. 
In the MT phase, we recorded fully mature tracheids with completely lignified cell walls (fully 
red-stained) and a totally empty lumen (depleted cell nucleus) (Fig. 3C).
We also recorded the following phases of phloem cell development: the sieve cells of early 
phloem (EP) and late phloem (LP) as well as the axial parenchyma (AP) were also recorded. The 
EP sieve cells were identified due to the larger radial dimensions compared with cambial cells 
(Fig. 2C). In many coniferous species, the pre-existent phloem cells are compressed by the newly 
formed ones and hence collapse. Nevertheless, in Scots pine this occurs later. The marginal zone 
between newly formed and old growth cells is indiscernible but detectable by the increased number 
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Fig. 2. Phases of annual phloem formation during the growing seasons of 2013 and 2014. A – dormant phase of cambi-
um; B – onset of cambial activity (swelling of cambial cells); C – the first forming row of early phloem and early wood; 
D – fully formed annual phloem increment; E, F – phloem increment at the end of the 2013 growing season in the above 
girdling area (E) and below girdling area (F); G – formed annual phloem increment within above area of girdling on 
June 5, 2014; H – the below area of girdling with non-activated cambium and without cell increment (June 5, 2014). 
CC – cambial cells; PP – sieve cells of previous annual phloem increment; EP – early phloem; LP – late phloem; AP – 
axial parenchyma; CP – collapsing phloem cells; PC – phase of post-cambial growth. Scale bars = 100 µm.
of large cells (Fig. 2C). The LP sieve cells were distinguished from EP sieve cells by the presence 
of the AP cells which formed aborder of lumen filled, red stained, storage cells between them 
(Fig. 2D). Furthermore, the LP phase contained a notably lower amount of sieve cells compared 
to the EP sieve cells (Gričar 2007).
The sections were observed and analyzed under a light microscope (Leica DMLS) using a 
digital camera (Leica DFC 280) and the public domain image processing software ImageJ (Abra-
moff et al. 2004). Three radial cell files within periodically formed increments were chosen and 
counted (Deslauriers et al. 2008).
The Gompertz function simulated the length of radial increments during the growing season 
and defined the growth intensity by calculating the total number of cells formed. The model (1st 
derivative) determined the daily number of cells formed per year. The data were fitted with a sigma-
shaped growth curve (Eq. 1), produced for six control and six girdled (above and below girdling) 
trees (TableCurve 2D) (Rossi et al. 2003).
y Ae e t= − −( )β κ ( )1
, where y – weekly cumulative number of cells, t – day of the year, A – upper asymptote of the 
maximum number of cells, β – x-axis placement parameter, κ – inflection point on the curve rep-
resenting the maximum daily rate of growth.
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Fig. 3. Phases of xylem formation during the 2013 and 2014 growing seasons. A, B – annual ring at 
the end of the 2013 growing season in the above girdling area (A) and the below girdling area (B); C – 
tree ring formation in May 2014 of the above girdling area; D – below girdling area in May 2014 with 
inactivated cambium and without cell increment; E – tree ring in the below girdling area (November 
2013) with undifferentiated cells of PC; F – the undifferentiated cells of PC and fully formed cells of 
EW under polarized light; G – fully formed and differentiated late tracheids in above girdling area (No-
vember 2013); H, I – necrosis inside girdled stems in September 2014. CC – cambial cells; PC – phase 
of post-cambial growth; SW – phase of secondary wall deposition; MT – completely matured tracheids; 
EW – earlywood; LW – latewood; CE – collapsing epithelial cells of resin canals. Scale bars: A, B, C, 
D, H, I = 100 µm; E, F, G = 50 µm.
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The statistical analysis evaluated differences between the groups of control and girdled trees 
above and below the girdling. Since the growing season began before the girdling and samples 
were taken, all sample trees were evaluated together until July 11 (2013) (n = 12) and then split 
into three groups with the added below the girdling samples (n = 6 in each of the groups).
The Kruskal–Wallis test (α = 0.05) was used for testing whether samples originated from 
the same distribution. The test does not assume a normal distribution of the residuals and equal 
variances, unlike the analogous one-way analysis of variance (ANOVA). The Kruskal–Wallis test 
was done in R software.
3 Results
3.1 Weather conditions
In 2013, the amount of precipitation was found to be extremly low for a number of weeks during 
growing season (Fig. 4A). We measured only 2 mm of precipitation during the whole of July 
(DOY 182–211), which is in contrast to the long-term data, where July is wettest month of the 
year in this area. The dry period was confirmed by soil water potential findings (Fig. 4C). August 
(DOY 212–244) showed an increase (40.80 mm) in the amount of precipitation, but this is also 
considered to be dry, when compared to the long-term data.
Fig. 4. Weather data and soil water potential recorded during the growing seasons of 2013 and 2014. A, B 
– daily precipitation amount (bars) and average daily air temperature (solid line); C, D – average daily soil 
water potential based on measurements obtained from all three depths (solid line) and sum of the effective 
temperature (dashed line). DOY – day of the year (70: March 11, 120: May 30, 170: June 19, 220: August 8, 
270: September 27, 320: November 16).
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In 2014, the growing season started with low amounts of precipitaion, during March 
(17.4 mm), April (20.4) and May (60.4 mm), these levels are almost half of those recorded in 
2013 (Fig. 4B). These low levels of precipitation occurred at the beginning of the vegetation 
period and initiated an early dry period (mid-May), which continued until mid-July. June and July 
recorded the highest average monthly temperatures of the year (around 22 °C). The low amount 
of precipitation in combination with the high temperatures was depicted again in the soil water 
potential (Fig. 4D).
3.2 Growth period during treatment (2013)
3.2.1 Cambial activity
During dormancy, the cambial zone was composed of 5.5 ± 0.6 cells (Fig. 5A). The onset of cam-
bial activity was measured in all sample trees together, since the stem girdling took place later. No 
significant differences among the trees were found. The cambial reactivation occurred between 
April 18 and 25, when the cambial zone contained 6.1 ± 0.6 cells and the sum of the effective 
temperature was 136.1 °C (Fig. 4C). The number of cambial cells gradually increased to 8.8 ± 1.2 
by May 9 (DOY 129). The number of cells in the cambial zone was 7.6 ± 1.2 cells when the stem 
girdling was performed on July 11 (DOY 192).
In the control trees, the cambial activity was noticeably reduced from July to August and 
was reactivated in September, maintaining 6.5 ± 0.5 cells. The cambial activity of the control trees 
continued until September 18 (DOY 261). The number of cambial cells by the end of the growing 
season was almost equal to the number of cambial cells contained before the reactivation of the 
cambial zone.
No significant difference was found in the timing or duration of cambial activity between 
the control trees and the above stem girdling group (Table 1). However, the cambial zone above 
the girdling underwent a latent phase (6.6 ± 0.5 cells) which lasted until the end of August. Subse-
quently, the cambial activity was reactivated again, the number of cambial cells fluctuated from 6 
to 7 until the final cessation of cambial activity on October 1 (DOY 274). Below the stem girdling, 
the cambial activity was ceased after the treatment.
Table 1. Cambial activity and differentiation of xylem cells timings in six control and six girdled (above girdling) trees 
(2013 and 2014).
2013  2014
Parameters (DOY) Control AGA K–W test  Control AGA K–W test
CA 108 ± 0 113 ± 6 0.058 87 ± 3 93 ± 4 0.026
PC 116 ± 3 116 ± 3 1 94 ± 3 97 ± 4 0.241
SW 133 ± 4 130 ± 5 0.423 115 ± 3 119 ± 7 0.222
MT 148 ± 7 147 ± 4 0.600 127 ± 7 127 ± 10 1
CCA 261 ± 27 274 ± 8 0.389 277 ± 14 168 ± 16 0.003
CPC 259 ± 33 264 ± 39 0.131 268 ± 15 174 ± 11 0.004
CSW 278 ± 29 296 ± 14 0.029 293 ± 13 190 ± 31 0.004
CA duration (days) 153 ± 27 161 ± 6 1 190 ± 14 75 ± 18 0.004
PC duration (days) 144 ± 36 148 ± 39 0.246 174 ± 12 77 ± 11 0.004
SW duration (days) 146 ± 30 166 ± 10 0.032  177 ± 11 72 ± 33 0.004
P-values for Kruskal–Wallis test (H0 – Medians of all groups are equal, if p < alpha (0.05) > rejecting H0). DOY – day of year; Control 
– control trees; AGA – above girdling area; K–W test – results (p-values) of Kruskal–Wallis test; CA – onset of cambial activity; CCA 
– cessation of CA; PC – onset of postcambial growth (cell enlargement); CPC – cessation of PC; SW – onset of secondary wall deposi-
tion; CSW – cessation of SW; MT – occurrence of the first matured tracheids. Bold – statistically significant difference (alpha = 0.05).
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Fig. 5. Dynamics of xylem formation and cambial activity during the 2013 
and 2014 growing seasons. Number of cells within cambial zone (A, B), in PC 
phase (C, D), in SW phase (E, F), in MT phase (G, H) and the total cell numbers 
within a fully formed annual tree ring (I, J). C – control trees (solid line); AGA 
– above girdling area (dashed line); BGA – below girdling area (dotted line). 
DOY – day of the year (70: March 11, 120: May 30, 170: June 19, 220: August 
8, 270: September 27, 320: November 16). Solid vertical line – date of girdling.
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3.2.2	Differentiation	of	xylem	and	phloem	cells
In the control trees, the first PC cells appeared on April 26 (DOY 116, Fig. 5C). During the next 
two weeks, the cells grew to their final full size, initiating the gradual SW phase on May 13 
(DOY 133, Fig. 5E). The cell lignification started during the following two weeks. The first fully 
matured tracheids were observed on May 28 (DOY 147, Fig. 5G). The fully lignified tree ring was 
observed on October 5 (DOY 278).
Above the stem girdling, the cells continued to form while the differentiation lasted until 
the third week of September (DOY 264), likewise with the control trees, when all xylem cells 
had already formed a SW. The Kruskal–Wallis test revealed the SW formation lasted significantly 
longer above stem girdling than in control trees (Table 1, p = 0.029 resp. p = 0.032). In the follow-
ing month, the tracheids were completely lignified (October 23, DOY 296). The tree-ring above 
the stem girdling contained fully matured latewood tracheids (Fig. 3A).
Below the stem girdling, the formation and growth of cells ceased one week after the treat-
ment (Figs. 5C, E). The differentiation of the tissues was reduced to a point that many tracheids 
failed to form the secondary cell wall until the end of the growing season. Hence, fully mature 
latewood tracheids were absent below the stem girdling.
The EP formation (Fig. 6C, Table 2) started one week after the cambial reactivation (April 22, 
DOY 112) for all trees. Phloem cell formation, above the girdling, ceased three weeks earlier than 
in the control trees, although this difference was not significant (p = 0.089).
3.2.3	Radial	increment	(Gompertz	function)
In the control trees, the total radial increment (TOTAL) contained 43.7 xylem cells according to the 
Gompertz function. The daily rate of xylem cell production was 0.21 cells per day. The maximum 
daily rate of xylem cell production (0.30 cells per day) was observed on June 26 (DOY 177). The 
control trees needed 212 days to form the TOTAL number of xylem cells (Fig. 7, Table 3).
Above the stem girdling, half the number of cells, compared with the control trees, were 
formed (24.8 cells). The maximum daily rate of xylem cell production (0.24 cells per day) was 
recorded one month earlier (May 26, DOY 146) than in the control trees, whereas the rate of the 
xylem cell production was 0.17 cells per day. We found a noticeably reduced number of days (149) 
needed to form the TOTAL of xylem cells above the girdling. Meanwhile, only 15.6 xylem cells 
were formed below the girdling.
Table 2. Timings of phloem cell differentiation phases in six control and six girdled (above girdling) trees (2013 and 
2014).
2013  2014
Parameters (DOY) Control AGA K–W test  Control AGA K–W test
EP 112 ± 4 114 ± 3 0.847 88 ± 4 95 ± 4 0.014
LP 144 ± 5 148 ± 7 0.473 129 ± 8 122 ± 6 0.107
CLP 232 ± 16 214 ± 17 0.089 181 ± 14 174 ± 4 0.108
EP duration (days) 41 ± 5 43 ± 11 0.737 47 ± 10 35 ± 9 0.038
LP duration (days) 88 ± 17 67 ± 16 0.075 51 ± 14 52 ± 8 0.924
Total duration (days) 128 ± 16 110 ± 17 0.061  98 ± 13 87 ± 4 0.059
P-values for Kruskal–Wallis test (H0 – Medians of all groups are equal, if p < alpha (0.05) > rejecting H0). DOY – day of year; Control 
– control trees; AGA – above girdling area; K–W test – results (p-values) of Kruskal–Wallis test; EP – onset of early phloem formation; 
LP – onset of late phloem formation and cessation of EP; CLP – cessation of LP. Bold – statistically significant difference (alpha = 0.05).
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Fig. 6. Dynamics of phloem formation and cambial activity during the 2013 
and 2014 growing seasons. Number of cells within cambial zone (A, B), num-
ber of EP cells (C, D) and LP cells (E, F) and the total cell numbers within fully 
formed annual phloem increment (G, H). C – control trees (solid line); AGA 
– above girdling area (dashed line); BGA – below girdling area (dotted line). 
DOY – day of the year (70: March 11, 120: May 30, 170: June 19, 220: August 
8, 270: September 27, 320: November 16). Solid vertical line – date of girdling.
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Fig. 7. Dynamics of xylem and phloem formation fitted by the Gompertz function 
during the 2013 and 2014 growing seasons. S-shaped curve – Gompertz function. C 
– control trees (solid line); AGA – above girdling area (dashed line); BGA – below gir-
dling area (dotted line). DOY – day of the year (70: March 11, 120: May 30, 170: June 
19, 220: August 8, 270: September 27, 320: November 16). Solid vertical line – date 
of girdling.
Table 3. Dynamics of xylem formation from the parameters of the Gompertz function during 2013 and 2014 in six 
control and six girdled trees (above, below).
2013 2014
Control Girdled Control Girdled
Parameters AGA BGA AGA BGA
Final cell number 43.71 24.84 15.63 38.60 21.80 -
Daily cell rate of xylem formation 0.21 0.17 - 0.19 0.15 -
Maximum daily cell rate 0.30 0.24 - 0.28 0.22 -
Day of maximum daily cell rate (DOY) 176.57 145.65 - 142.34 130.76 -
Duration of xylem formation (days) 212.17 149.41 - 202.74 145.04 -
AGA – above girdling area; BGA – below girdling area.
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The maximum daily rate of phloem cell production, above the girdling, occurred approxi-
mately one week earlier than in the control trees (May 6, DOY 126). Although, the final number of 
phloem cells was similar to the control trees (10.1 cells), nevertheless, the daily rate of the phloem 
cell production was higher (0.13 cells per day), probably due to the shorter duration of phloem 
formation: 77 days. Finally, we observed 8.7 phloem cells below the girdling (Fig 7, Table 4).
3.3 Growth period following treatment (2014)
3.3.1 Cambial activity
In the control trees, 5.4 ± 0.5 cambial cells were recorded during dormancy (Fig. 5B). The cambium 
was reactivated almost three weeks earlier in 2014 than in 2013 (from March 28 to April 3), while 
the sum of the effective temperature barely reached 116.6 °C (Fig. 4D). The number of cells in the 
cambial zone rapidly reached 8.1 ± 0.9 cells by May, maintained this number during the whole month 
and finally peaked (8.3 ± 1.8 cells) on June 12 (DOY 163). In July, the number started decreasing 
to 6.5 ± 0.4 cells, but the cambium was reactivated again at the beginning of August, increasing 
to 7.4 ± 0.9 cells. By mid-September, we recorded another decrease in cell numbers, which lead 
to the final cessation of the cambial activity (October 4, DOY 277) when it finally returned to the 
number of cells of the dormant period.
In the girdled trees, the cambial zone above the stem girdling was activated during the 
first week of April (DOY 93), one week later than in the control trees (Table 1, p = 0.026). 
During the spring, the number of cambial cells above the girdling was lower than in the control 
trees (6 cells) during April. The highest number (6.6 ± 0.8 cells) was recorded in the first week 
of May (DOY 121−128) and it was maintained until mid-June (June 12, DOY 163). Then the 
number of cambial cells decreased to 5.2 ± 0.3 cells for two weeks, before the final cessation of 
the cambial activity (June 17, DOY 168), which occurred significantly earlier than in the control 
trees (Table 1, p = 0.003). No cambial cells derivatives were formed below the stem girdling 
(Figs. 2H, 3D).
3.3.2	Differentiation	of	xylem	and	phloem	cells
In the control trees, the cambial reactivation occurred on March 28 (DOY 87) (Figs. 5B, 6B). The 
PC phase began approximately seven days later and lasted for three weeks. The xylem cell dif-
ferentiation lasted until September 25 (DOY 268) when all cells had completed the SW formation. 
Eventually, all cells were fully lignified during the third week of October (DOY 293).
Table 4. Dynamics of phloem formation from the parameters of the Gompertz function during 2013 and 2014 in six 
control and six girdled trees (above, below).
2013 2014
Control Girdled Control Girdled
Parameters AGA BGA AGA BGA
Final cell number 11.87 10.05 8.65 11.59 8.78 -
Daily cell rate of phloem formation 0.09 0.13 - 0.15 0.13 -
Maximum daily cell rate 0.13 0.19 - 0.22 0.19 -
Day of maximum daily cell rate (DOY) 135.26 125.53 - 103.69 105.64 -
Duration of phloem formation (days) 138.12 76.80 - 77.12 67.30 -
AGA – above girdling area; BGA – below girdling area.
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Above the girdling, most of the xylem differentiation phase started significantly later and 
lasted for a shorter period than in the control trees, as demonstrated by Kruskal–Wallis test (Table 1). 
The xylem cells of PC began to form during the week April 3–10 (DOY 93–100), one week later 
than in the control trees. The onset of the SW phase occurred in the last week of April (April 29, 
DOY 119), coinciding with the control trees. The first fully matured tracheids (MT) appeared one 
week after the onset of SW (May 7, DOY 127). In June, the production of new cells slowed down 
and finally ceased on June 23 (DOY 174), which is significantly different to the control trees. The 
xylem cells which already had a formed secondary wall, were lignified within the following two 
weeks, significantly faster than the control trees (p = 0.004, Fig. 5F). The tree-ring above the stem 
girdling formed no latewood tracheids (Fig. 3H).
The control trees started forming the EP immediately after the cambium reactivation 
(DOY 88). The first row of EP above the stem girdling was observed in the week April 3 to 10 
after the cambial reactivation, significantly later than in the control trees (Table 2, p = 0.014). The 
initiation of the LP phase occurred in the first week of May above the stem girdling and during 
the following week in the control trees. The cessation of phloem cell formation occurred on June 
30 (DOY 181) in the control trees which, was one week earlier than in the area above the girdling.
The cambium below the girdling was not activated. Therefore, neither xylem nor phloem 
formation occurred (Figs. 2, 3, 5, 6).
3.3.3	Radial	increment	(Gompertz	function)
According to the Gompertz function, the TOTAL radial increment of the control trees contained 
38.6 xylem cells (Table 3). The maximum daily rate of xylem cell production (0.28 cells per day) 
was recorded on May 22 (DOY 142) while the average daily rate of xylem cell production was 
0.19 cells per day. Furthermore, it took 203 days to form the TOTAL of the xylem cells.
The TOTAL found in the above the girdling area contained less xylem cells than in the con-
trol trees (21.8 cells). The maximum daily rate of xylem cell production occurred earlier (May 11, 
DOY 131). Although both the maximum and average daily rate of xylem cell production was found 
to be similar to the control trees in 2014, the xylem cell formation period was shortened to 145 days.
The control trees reached the maximum daily rate of production of phloem cells on April 14 
(DOY 104). It took 77 days to form the TOTAL (11.6) phloem cells. The rate of phloem cell pro-
duction in the control trees and in the above the girdling area was similar (0.15 and 0.13 phloem 
cells per day, respectively).
The TOTAL of phloem cells (Table 4) was found to be smaller (8.8 cells) above the girdling 
and the duration of xylem cell formation was shorter (67 days). The maximum daily rate of phloem 
cell production in the control trees and above the girdling was recorded around the same time in 
April (DOY 104 and 106 respectively) and with similar values (0.15 and 0.13 phloem cells per 
day, respectively).
However, in 2013, the derivatives produced by the Gompertz function corresponded poorly 
with reality, because the model was obviously not flexible enough to adapt and display the sudden 
changes in growth rates due to a stress factor being applied as the growing season was in progress.
4 Discussion
To our knowledge, this is the first study on xylem and phloem formation in Scots pine conducted 
in the Czech Republic. Furthermore, it is the first attempt to apply stem girdling to 80-year-old 
Scots pine trees to examine the impact of this artificial stress factor on the cambial reactivation 
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timings, the plasticity of the xylem and phloem formation and the change in the final structure of 
the tree rings above and below the girdling.
In the control trees, the xylem and phloem formation was in line with other studies on Scots 
pine wood formation conducted at various sites in Europe (e.g. Antonova and Stasova 2006; Gruber 
et al. 2010; Swidrak et al. 2014). Nevertheless, we noticed a cambial latency in all the examined 
trees, (control and girdled trees i.e. above the girdling) occurred after a summer drought. In any 
case, several researchers have presented, in detail, the response of the species to extreme drought 
events (e.g. Gruber et al. 2010; Lebourgeois et al. 2011; Eilmann et al. 2011; Swidrak et al. 2011).
The selection of the girdling date was important for the monitoring of cell differentiation 
and the final ceasing of growth. Daudet et al. (2005) girdled the trees early in the growing season 
(DOY 193). Tombesi et al. (2014) claimed that the earlier the girdling was induced, the more 
obvious the decrease in midday stem water potential was as well as the impact on shoot growth. 
Choi et al. (2010) suggested that stem girdling performed in April or June allowed trees to reduce 
vegetative growth, increase fruit set and accelerate fruit coloration, concluding that, in particular, 
a June girdling (after full bloom) could control tree vitality. The stem girdling we performed, 
during the first week of July (DOY 192), had little effect on the earlywood formation, since most 
of the earlywood tracheids had already completed their secondary wall formation, almost lignified 
and already formed LP cells. Hence, there was a minor effect, from the girdling, on the hydraulic 
architecture of the stem during 2013, especially considering the proportion of sapwood of the Scots 
pine. However, there was a significant effect on latewood production.
In line with Lopez et al. (2015), we found that the cambial activity ceased below the gir-
dling, terminating any further cell formation. Barbosa and Wagner (1989) stated that the severity 
of the effects depended greatly on when the girdling was performed during the growth period, on 
the localized hormones synthesis and transport, as well as the weather conditions or the genetic 
predisposition of the species. Recent studies reported that the induced stress caused by girdling 
stopped the growth of already formed cells, proving the depletion of the soluble non-structural 
carbohydrates from the living cells below the girdling (Dunn and Lorio 1992; Mei et al. 2015). 
Nevertheless, Wilson (1968) found enough carbohydrates left for cell differentiation and lignifica-
tion in the already formed cells in white pine (Pinus strobus L.).
In our study, despite the immediate cessation of cambial activity after girdling, we noticed 
a short new cambial reactivation which resulted in the exiguous increment of one discontinuous 
latewood row. This cambial reactivation occurred during the second half of August after a drought 
event in both examined years (2013 and 2014). Apparently, root carbon may be mobilized for 
growth even several weeks after the girdling (Mei et al. 2015). However, the cell differentiation 
below the girdling, was unquestionably carried out with a significantly lower intensity, obviously 
due to the reduced supply of assimilates and plant hormones (auxin and giberilin), which strongly 
define the cell formation and the cell wall lignification process (Tokunaga et al. 2006; Sorce et al. 
2013). We observed that the tracheids derived by cambium before or immediately after girdling, 
were fixed in the PC phase. Thus, below the girdling, typical thick-wall latewood tracheids were 
not formed. This coincided with Wilson (1968), who also reported the absence of any latewood 
increment below girdling. Nevertheless, above the girdling, the latewood tracheids continued 
developing and differentiating, while the cambial division was less intensive. Furthermore, the 
cessation timing of xylem and phloem formation was found to be different, as the xylem formation 
in the girdled trees finished 18 days later than in the control, whereas the phloem formation ceased 
three weeks earlier. In both cases, fewer cells were formed after the girdling, compared with the 
control trees, probably due to lower transport of water and assimilates. Our finding contradicts 
that of Wilson (1968), who reported an increase in the phloem cell formation rate (from 0.11 to 
0.27 cells) after girdling.
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We found that the Gompertz function failed to depict the growth rate after girdling, since the 
model assumes that trees would grow under similar conditions. In 2013, the Gompertz function 
falsely showed a considerably lower number of days needed for the formation of most the majority 
of the xylem cells above the girdling compared with the control (149 and 212 days respectively). 
Nevertheless, the model fitted better with 2014 growth rates.
Johnsen et al. (2007) mentioned that girdling is destructive and irreversible. Ultimately, our 
study showed that the Scots pine trees managed to survive for two years. This surviving period 
could be attributed to several important factors ensuring the transport of nutrients to roots, such as 
the basal shoot development or the depletion of nutrient reserves in the roots. Mycorrhizal asso-
ciations or root grafts could also provide collateral support to girdled trees (Noel 1970; Barbosa 
and Wagner 1989). Nevertheless, this would rarely be long-lasting as the active xylem tissue of 
the tree is severely destroyed by girdling (Moore 2013).
5 Conclusions
The knowledge of tree survival mechanisms and the underlying processes leading to death due to 
stress factors could be a useful tool for physiologists, ecologists and foresters. The girdling stress 
inhibits the cambial activity and hence limits or even completely stops the wood growth incre-
ment (Stone 1974; Larson 1994; Wilson and Gartner 2002). When we subjected Scots pine trees to 
girdling stress for two subsequent growing seasons, the cambial activity was inhibited above, and 
suddenly stopped below, the stem girdling, immediately after applying the stress factor. Above the 
stem girdling, the cell formation and the tissue differentiation continued, until the end of the growing 
season, at a less vigorous rate compared with the control trees. During the second growing season, 
the cambial zone below the stem girdling was not reactivated. All the girdled trees died during 
2014, one year after the girdling. In the future, a morphometric analysis of the cells formed after 
girdling, examining the processes of potential swelling or regenerating would be of great interest.
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